and IL-34 (light blue) and CSF-1 (pale green) specific contacts mapped on the CSF-1R structure in IL-34/CSF-1R complex. CSF-1R is shown is cartoon representation (A) and surface representation (B) with the interfacial residues labeled. (C) Degrees of sequence conservation mapped onto the surface of CSF-1R. Surface residue sequence conservation determined for 7 mammalian CSF-1R sequences, illustrated with a color gradient from mauve (identical residues) to cyan (least conserved residues). Residue conservation score was calculated with ConSurf (http://consurf.tau.ac.il/). 
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES Crystallization
hIL-34s_CFlag/FAb2
Equal molar ratios of hIL-34s_CFlag and FAb2 were mixed and subjected to a final gel filtration 
Data Collection
All crystals were cryo-cooled in liquid nitrogen prior to data collection. All datasets were collected at ALS BL 5.0.2, using ADSC Q315 CCD detectors. The diffraction images were indexed, integrated and scaled using HKL2000 (Otwinowski and Mino, 1997) . A summary of all statistics for data collection, phasing, and crystallographic refinement is given in Table I .
Structure Determination and Refinement
hIL-34s_CFlag/FAb2 and hIL-34s_CFlag
The hIL-34s_CFlag/FAb2 complex structure was solved by molecular replacement using the program PHASER (Storoni et al., 2004 ) with search models generated from a single Fab (PDB ID 2QQN) by searching for the Fv and Fc region of the Fab sequentially. A single unambiguous solution including 2 Fabs was found revealing very limited electron density for IL-34 outside the CDR regions of the Fab. The phases from this initial solution were drastically improved by imposing solvent flattening, 2-fold NCS averaging using prime-and-switch map plot routine in PHENIX AutoBuild (Adams et al., 2010) . The resulting map was of sufficient quality to allow manual tracing of the entire backbone of IL-34 in Coot. This partial IL-34 model was fed into the 1.85 Å resolution dataset of hIL-34s_CFlag by molecular replacement and subject to model rebuilding using Coot (Emsley et al., 2010) , and refinement using Refmac (Murshudov et al., 1997) iteratively. In the final rounds of refinement 4 N-acetyl-glucosamine groups and 4 mannose moieties were added to residues Asn75 of IL-34 and 486 water molecules were included in the final model. The completed IL-34 model was then used for rebuilding and refining the hIL-34s_CFlag/FAb2 complex structure to convergence at 2.6 Å resolution ( Figure   S7 ; Table S4 ).
hIL-34s_CHis/hCSF-1R D1-D3 _CHis
The individual components of the hIL-34s_CHis/hCSF-1R D1-D3 _CHis complex were sequentially located using the molecular replacement program PHASER, with hIL-34s, mCSF-1R D1-D2 and mCSF-1R D3 (PDB ID 3EJJ) as the search models. hCSF-1R D1-D3 was rebuilt and refined according to the human amino acid sequence and the final hIL-34s_CHis/hCSF-1R D1-D3 _CHis model was completed by interactive refinement in Refmac and model-building in Coot.
hIL-34s_CFlag/FAb1.1
The hIL-34s_CFlag in complex with the blocking FAb1.1 was determined by the molecular replacement method implemented in the program PHASER with the structure of hIL-34s and the Fv and Fc region of a Fab with similar framework, followed by manual fitting of the CDR regions of the FAb1.1. Several rounds of model rebuilding and structure refinement were carried out using the 3.0 Å dataset until convergence was reached.
A summary of the refinement statistics and the stereochemistry analysis of all four structures are given in Table I . The program MolProbity was used to inspect the quality of the final models. Figures were prepared using the program PyMol (http://www.pymol.org)
Affinity measurements using Bio-Layer Interferometry (BLI)
IL-34 or CSF-1 binding to CSF-1R D1-D3
Binding assays were conducted using an Octet RED384 BLI instrument (fortéBio). Biotinylated IL-34 or CSF-1 were immobilized on streptavidin-coated biosensor, washed, and transferred into reaction buffer (1x Kinetics assay buffer, fortéBio) containing four-fold serial dilutions of CSF-1R D1-D3 (1600 nM to 25 nM for IL-34 and 3200 nM to 50 nM for CSF-1). Association reactions were monitored until the binding reached steady-state. Subsequently, the bound materials were transferred into reaction buffer and dissociation reactions were monitored to ensure reversible binding between cytokines and CSF-1R D1-D3 . Association rates (k on ) and dissociation rates (k off )
were calculated using a simple single-site binding equation. The equilibrium dissociation constant (K d ) was calculated as the ratio k off / k on .
IL-34 binding to IL-34 antibodies
An Octet QK equipped with streptavidin (SA) biosensor tips (fortéBio) was used for affinity measurement. SA biosensor tips were equilibrated in assay buffer (1x Kinetics assay buffer, fortéBio) for 10 min prior to analysis. Binding kinetics were measured at 30 ºC and samples were agitated @ 1000 rpm. SA tips were saturated with 5 μg/ml of biotinylated human IL-34
(R&D) for 200 s, which resulted in capture levels of 0.22± 0.02 nm within a column of six tips.
Three-fold Serial dilutions of IL-34 antibodies (100 nM, 33.3 nM, 11.1 nM, 3.7 nM, 1.2 nM), as well as buffer blank were prepared. Both association and dissociation were monitored for 300 s.
Data were analyzed using Octet data analysis software 6.4 (fortéBio). Full-length IgGs were used in this assay. Thus, the reported dissociation constants represent apparent K d measurements due to expected avidity effects from utilizing bivalent IgGs in this assay.
Antibody Generation by Phage Display
Library Sorting and Screening to Identify Anti-IL-34 Antibodies
Murine IL-34 was used as antigen for library sorting. Nunc 96 well Maxisorp immunoplates were coated overnight at 4 ºC with target antigen (10μg/ml) and were blocked for 1 hr at room temperature with phage-blocking buffer PBST [phosphate-buffered saline (PBS) and 1% (w/v) bovine serum albumin (BSA) and 0.05% (v/v) Tween-20]. Antibody phage libraries V H (Lee et al., 2004) and V H /V L (Liang et al., 2007) were added to antigen plates separately and incubated overnight at room temperature. The following day, antigen-coated plates were washed ten times with PBT (PBS with 0.05% Tween-20), and bound phage were eluted with 50 mM HCl and 500 mM NaCl for 30 min and neutralized with an equal volume of 1 M Tris, pH 7.5. Recovered phages were amplified in E. coli XL-1 Blue cells. During subsequent selection rounds, incubation of antibody phage with the antigen-coated plates was reduced to 2-3 hr, and the stringency of plate-washing was gradually increased.
After four rounds of panning, significant enrichment was observed. 96 clones were picked each from V H and V H /V L library sorting to determine whether they could bind both human and murine IL-34. The variable regions of these clones were sequenced. Unique phage clones were subsequently reformatted into IgGs by cloning the V L and V H regions of individual clones into the LPG3 and LPG4 vector respectively (Carter et al., 1992) , transiently expressing in mammalian CHO cells, and purifying with a protein A column.
Library Construction for Affinity Improvement of Ab1
Phagemid pW0703 (derived from phagemid pV0350-2b (Lee et al., 2004) 
displaying monovalent
Fab on the surface of M13 bacteriophage) served as the library template for grafting light (V L ) and heavy (V H ) chain variable domains of Ab1 for affinity maturation. Stop codons were then incorporated in CDR-L3 of the library template. Soft randomization strategy was used for affinity maturation, which introduced a mutation rate of approximately 50% at the selected positions by using a poisoned oligonucleotide strategy with 70-10-10-10 mixtures of bases favoring the wild type nucleotides (Gallop et al., 1994) . Specifically residues at positions 28-32 of CDR-L1, 50 and 53-55 of CDR-L2, 91-94 and 96 of CDR-L3, 28-35 of CDR-H1, 50-58 of CDR-H2, 95-100 of CDR-H3, were targeted for mutation, and three different libraries with combinations of soft-randomized CDR loops, L1/L2/L3, L3/H1/H2 and L3/H3, were constructed.
Phage Sorting Strategy to Generate Affinity Improvement
For affinity improvement selection, phage libraries were subjected to plate sorting for the first round, followed by four rounds of solution sorting. At the first round of plate sorting, three libraries were sorted against murine IL-34 coated plate (NUNC Maxisorp plate) for 2 hr at room temperature. Next, four more rounds of solution sorting were carried out together with two methods of increasing selection stringency. The first of which is for on-rate selection by decreasing biotinylated target protein concentration from 50 nM to 0.5 nM, and the second of which is for off-rate selection by adding excess amounts of non-biotinylated target protein (100~500 fold more) to compete off weaker binders. Each phage library was also incubated with non-biotinylated mIL-34 to serve as background phage binding for estimating the enrichment of each round of panning.
High-Throughput Affinity Screening ELISA (Single Spot Competition)
After five rounds of panning, a high-throughput single-point competitive phage ELISA was used to rapidly screen for high-affinity clones as described . Clones with low binding ratio to immobilized mIL-34 in the presence of 5 nM mIL-34 versus in the absence of mIL-34 were chosen for further characterization.
